Abstract. In this paper, two-steps forging is used to manufacture duplicate gear blank. The simulating of the second step forging process is based on DEFORM which is a finite element software. The forming parameter range was determined while the forging force was predicted. Using a set experiment tool of closed-die forging, teeth of forged duplicate gear blank were well filled. The influence of transition product diameter and the thickness and height of wad are researched. Too small diameter of transition product will affect the quality of the product, so the first step of forging should rigorously control the diameter of the transition product. The wad thickness has great influence on the final forging force, while the effect of the wad height is relatively small.
Introduction
Duplicate gear is an important transmission part in the automotive transmission, which consists of a set of spur gear and a set of helical gear. As the diameter of the spur gear is less than that of the helical gear, it is difficult to use the general cutting method to process the machining process as a whole. In order to solve this problem, the spur gear and helical gear are manufactured respectively and welded together in the general production method [1] . The disadvantages of this method are complex technology and long processing cycle. The welding part is subjected to a lot of shear stress which reduces the strength of the part during running process.
Two-steps forging is used to manufacture duplicate gear blank, which means spur gear is forged during this process and the helical gear will be cut in the follow-up process [2] . The advantages of gear forging include reducing manufacturing costs and saving materials, better mechanical properties, and increasing productivity [3] . The production of gears using the net-shape forging technique has become a hot topic in recent years [4] [5] [6] . Due to the complex structure of duplicate gear blank, the experimental and simulation method are used to analyze the forging process in this paper. Thus the main aim of the research is to investigate the influence of transition product diameter and the thickness and height of wad.
Experimental Technique
A duplicate gear blank is illustrated in Figure 1 with characteristic parameters of spur gear listed in Table 1 . Due to complex construction of the gear blank, two-steps forging is the optimal process choice, and technological process is shown in Figure 2。 Fig. 2 Schematic diagram of two-step forging. The first forging is free-forging process that do not need die during forging. Transition product diameter L is an important parameter to affect product quality, so it's necessary to control the stroke . The die of second step forging is a set tool of closed-die forging, and the details of the tool set is shown in Figure 3 The gear blank was forged under a 1000 ton friction press at a rate of 200mm/second and a die set was installed. What is shown in Figure 3 is the initial tooling setup for the hot forging. All tool surfaces in contact with the workpiece was covered with water-based graphite lubricant. The workpiece was heated to 1100°C before the first forging, and die was preheated to about 150°C.
FE model and Numerical Procedures
3D FE simulation has been carried out to the further evaluation of the material flow and teeth filling for the forging of the duplicate gear blank. We used PRO/E software system to establish a 3D FE model of the die and the first step forged blank of the gear blank. Finite Element simulation of the forging process was carried out using DEFORM-3D. The FE model was shown in figure 4. Due to symmetry, just one-fourteenth of the model was used. In order to reduce computer CPU time, the forging dies are considered to be rigid and the workpiece material is rigid-plastic, respectively. The workpiece was meshed with 26,774 four nodes tetrahedral elements initially and automatic re-meshing occurs during the process of simulation. A low-carbon alloy steel, 42CrMo4 (AISI 4140) was used as the material of the workpiece in the current study. And it was heated to 1000°C. Forging speed was 200mm/sec, and the die was preheated to 150°C. At the hot forging condition, the friction conditions prevailing at the interface of die-workpiece was 0.3. The value of heat transfer coefficient between workpiece and dies was 5/N/Sec/mm/°C [6] . 
Results and Analysis

Forging Process.
In the hot forging process, the boundary points of 40% stroke and 95% stroke can separate the deformation process of workpiece into three stages. The die filling and the deformation process of the workpiece during the duplicate gear blank forging was shown in Figure 5 . Figure 6 shows forging forces of FE modelling for the forging of the duplicate gear blank. As the teeth are close to be filled, the forging force rises rapidly. The maximum forging force of FE simulation is 6907KN. The history of the FE load shows the same three stages.
The initial deformation stage (0~40% of stroke): the workpiece is deformed to contact with the die. The metal do not flow in the tooth cavity, so the forging force is very small, less than 300KN
The second stage (40~95% of stroke): there were two plastic deformation modes at the same time in this stage, i.e. counter extrusion deformation on the disk portions, and the teeth formation at the designed location. The teeth were formed gradually as the punch moves down. So forging force increased significantly and is more than 2000KN.
The third stage (95~100% of the stroke): metal flows continuously, and all of the interspaces were filled .Because of the sharply decreased free surface, the forging force quickly climbs to 6907KN at the end of process. . Figure 7 shows that the gear teeth has been completely formed with a little flash around the parting surface.
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40% 95% 100% Fig.5 Simulation results of the die filling process in the hot forging of the duplicate gear blank 
Effect of transition product diameter L
Transition product is manufactured by first step forging, which is billet of the second forging. The dimension of transition product influence product quality. With the same volume, transition product diameter L were 70, 75, 80 and 85 mm. The results show that the forging load increases with the decrease of diameter, as shown in Table 2 . The reason is that smaller diameter of the metal requires more radial flow. And complex structure of duplicate gear blank leads metal flow difficult, so more energy is needed. Results of experimental and simulation show that qualified product can not be produced when the diameter is 70mm, so the first step of forging should rigorously control the diameter of the transition product. 
Effect of wad
Solid billet is bound to lead appearance of wad in axle hole after forging, which can be removed by stamping. But the wad will affect the metal flow in the forging process, which need to be optimized.
The wad thickness h (Fig.2) is a very important parameter, which affect final forging force and metal usage. In table 3, it can be seen that small wad thickness will produce relatively large final forging force. The reason is that the metal becomes thin and mobility is reduced, so the radial flow of the metal is difficult. The forging force changes little when the wad thickness is thick, which significantly increased when wad thickness h is 4mm. Comprehensive consideration of force and saving material, wad thickness h=5mm is the optimal choice. In the second step of forging, duplicate gear blank was inverted, and the wad height H is shown in Figure 2 . It can be seen that the position of the wad does not have a definite effect on the forging force in table 4. The wad height only changes the flow direction of central metal, and there is no obvious change in the flow resistance, so wad height can not affect the final forging force. In order to blance die force, the symmetrical position (H=11mm) is chosed. 
Summary
A two-steps forging process was used to manufacture duplicate gear blank. Teeth of forged duplicate gear blank were well filled. Through the analysis of FE simulation and experimental results, the second step deformation process of forging duplicate gear blank could be separated into three deformation stages. Too small diameter of transition product will affect the quality of the product, so the first step of forging should rigorously control the diameter of the transition product. The wad thickness has great influence on the final forging force, and the effect of the wad height is relatively small.
